Electrophoretic variation and inheritance of four novel enzyme systems were studied in maize (Zea mays L.). A minimum of 10 genetic loci collectively encodes isozymes of aconitate hydratase (ACO; EC 4.2.1.3.), adenylate kinase (ADK; EC 2.7.4.3), NADH dehydrogenase (DIA;
INTRODUCTION
Isozyme analysis probably has attained a broader applicability in maize (Zea mays L.) than in any other plant species. The reasons for this are several, but foremost among them is the extensive body of information that is available regarding the mode of inheritance and linkage relationships of numerous isozyme loci (reviewed by Goodman and Stuber, 1983b) . This documentation has often included descriptions of phenotypes in electrophoretic gels, verification of Mendelian segregation patterns, determination of chromosomal locations, and subcellular localization of enzyme products. Many maize allozyme loci are highly polymorphic and are conveniently analyzed using the relatively straightforward and inexpensive technique of starch gel electrophoresis (Cardy et al., 1983; Stuber et al., 1988) . Applications have included identification and discrimination of inbred lines (Cardy and Kannenberg, 1982; Goodman and Stuber, 1980; Stuber and Goodman, 1983a) , locating and manipulating genetic factors associated with quantitatively inherited and often agronomically important traits Stuber et al., 1980 Stuber et al., , 1982 Stuber et al., , 1987 , and monitoring trends of genetic diversity in commercially important maize lines (Smith et al., 1985a, b) . Allozyme variation patterns have also provided insights into relationships among maize landraces (Bretting et al., 1987; Doebley et al., 1983 Doebley et al., , 1985 Doebley et al., , 1986 Doebley et al., , 1987 Goodman and Stuber, 1983a) and the taxonomy and evolution of the genus Zea (Doebley et al., 1984; Smith et al., 1984) . Recent studies have expanded the number of available loci to approximately 40, with a concomitant increase in our knowledge of the linkage relationships of all allozyme markers (Kahler, 1983; Sisco et al., 1987; Goodman, 1983b, 1984; Wendel and Beckett, 1987; Wendel et al., 1985a Wendel et al., , b, 1986a . Mapping of additional allozyme loci will facilitate the construction of increasingly useful marker stocks and allow progressively more sophisticated experiments to be designed that require knowledge of chromosomal location (e.g., Stuber et al., 1987) .
In this paper we formally report for the first time descriptions of isozymes and allozymes of four enzyme systems in maize, i.e., aconitate hydratase [citrate (isocitrate) hydrolyase; EC 4.2.1.3], adenylate kinase (ATP:AMP phosphotransferase; EC 2.7.4.3), NADH dehydrogenase [NAD(P)H: (acceptor) oxidoreductase; EC 1.6.99. --] , and shikimate dehydrogenase (shikimate:NADP + 3-oxidoreductase; EC 1.1.1.25). These enzymes collectively are encoded by a minimum of 10 genetic loci. Presented are procedures for electrophoretic resolution, descriptions of phenotypic variation patterns, segregation data documenting the inheritance and linkage relationships of the encoding loci, and evidence regarding the intracellular localization of the resolved enzyme products. Several of the loci presented here have been mapped to sparsely marked regions of the genome and include the first allozyme marker for chromosome 2. In addition, inbred lines are listed that possess specific allelic variants for many of the described loci.
MATERIALS AND METHODS

Plant Materials
Approximately 10,000 maize plants were surveyed during thc course of these investigations, including approximately 250 publicly available inbred lines, more than 100 racial accessions of maize from the Unitcd Statcs and Ccntral and South America, and numerous field-generated progenies (Fl, BC, F2, and F3) involving plants with newly discovered clectrophoretic variants. All crosscs involved pairs of individually pcdigreed plants. Many of these pedigrees are complex, due to several generations of intercrossing individuals from racial collections and/or inbred lines. Morphological stocks used in linkage analyses were obtained from thc Maize Genetics Cooperation Stock Center, Urbana, Illinois. Stocks carrying appropriate alleles at allozyme loci were pollinated by the basic B-A translocation set (Beckett, 1988) to produce progeny containing plants hypoploid (hcmizygous) for the region being tested (i.e., that portion of the chromosome arm distal to the translocation breakpoint). Roman's translocations were obtained from thc Stock Center and several other transloeation stocks were obtained from the originators (see Beckett, 1988) ; the remaining translocation stocks were produced by X-raying mature or immature pollen containing B chromosomes (Beckett, 1988) .
Enzyme Extraction and Electrophoresis
Most electrophoretic analyses were conducted on crude extracts of coleoptile tissue from 5-day-old seedlings following previously described techniques (Cardy et al., 1983; Goodman et al., 1980b; Stuber et al., 1988; Wendel et al., 1986a, b) . The primary advantage of using this tissue is that the coleoptile can be removed without sacrificing the plant, which can then be transplanted to the nursery for crosses and subsequent genetic analyses. Most of the loci presented here are also expressed in leaves, although activity levels and clarity of electrophoretic banding are generally higher in coleoptiles. Coleoptile extracts were frozen at -70°C until ele¢trophoresis without noticeable loss of activity (for most enzymes), but it was necessary to assay fresh samples of leaf extracts.
Samples were absorbed onto filter-paper wicks and inserted into 12.8% starch gels as described elsewhere (Cardy et al., 1983; Goodman et al., 1980b; Stuber et al., 1988) . Many different gel and electrode buffer systems could adequately resolve some of the aconitate hydratase and NADH dehydrogenase isozymes, but optimal resolution was achieved using a pH 7.0 Triscitrate gel and electrode buffer system (electrode buffer--0.135 M Tris, 0.043 M citric acid; gel buffer--1 part electrode buffer to 14 parts water). Resolution of adenylate kinase isozymes could be accomplished only with the amine-citrate gel and electrode buffers of Clayton and Tretiak (1972) : the electrode buffer was prepared by titrating 0.04 M citric acid to pH 6.1 with N-(3-aminopropyl)-morpholine; the gel buffer was prepared by diluting 1 part electrode buffer with 19 parts water. Isozymes of shikimate dehydrogenase were separated using both of the gel and electrode buffers listed above. Tris-citrate gels were run at 15 W constant power for 6 hr, while aminecitrate gels were run at 13 W for 6.5 hr.
Subsequent to electrophoresis, gels were sliced into 1.2-mm-thick slices and assayed for enzyme activity. Staining solutions were modified from Shaw and Prasad (1970) , Siciliano and Shaw (1976), and Vallejos (1983) Gel slices were immersed in the staining solutions and incubated at 37°C until the bands were optimally developed (usually 1-2 hr).
Organelle Isolation
Chloroplast and mitochondrial preparations were obtained by subcellular fractionation and percoll purification following procedures detailed by Wendel et al. (1986b) . The preparations were microscopically inspected for intact organelles (under oil immersion) and their purity was verified by electrophoresis followed by staining for organelle-specific isozyme markers, including the mitochondrial forms of malate dehydrogenase (Goodman et al., 1980a) and plastid-specific isozymes of aspartate aminotransferase, glucose phosphate isomerase, and triosephosphate isomerase (Stuber and Goodman, 1983c; Wendel et al., unpublished) . For electrophoresis, organelles were burst with a combination of osmotic shock (with deionized water) and grinding with a power-driven acetal pestle in a 400 ul microcentrifuge tube.
Genetic Analysis
Allozyme loci were postulated based on phenotypic variation patterns and segregation ratios obtained in numerous controlled crosses. Genetic models were tested by ehi-square goodness of fit to expected ratios. Nonrandom joint segregation among loci was tested by contingency analyses. Recombination fractions between linked loci were estimated by the method of maximum likelihood (Allard, 1956) , using a recent version (3.50) of the computer program LINKAGE-1 (Suiter et al., 1983) .
R E S U L T S
Electrophoretic Variation and Segregation Analysis
Aconitate Hydratase
Resolution of aconitate hydratase (ACO) isozymes requires more carefully controlled conditions than for most other maize isozymes we have studied. In freshly prepared extracts, five or six bands are usually observed in inbred lines, consisting of one darkly staining band, two or three bands of moderate intensity, and two weakly staining bands (Fig. 1) . In contrast with most other maize isozymes, A C O appears to be cold labile; activity in extracts that have been frozen is reduced by about 50%, and two cycles of freezing and thawing generally allow only the most darkly staining band to be observed.
Crosses among true-breeding lines with different A C O phenotypes generate hybrids having all parental bands but no additional hybrid bands (heteromers). Segregation studies demonstrated that the zones of staining varied independently of each other and that their behavior follows the pattern expected for codominant alleles specifying functionally monomeric enzymes; i.e., in each zone, one-and two-banded phenotypes are observed in material expected to be homozygous and heterozygous, respectively. Genetic interpre- Fig. 1 . Aconitate hydratase (ACO) isozymes in maize. Direction of migration is toward the top (anode) of the figure. Zymograms stained for ACO are complex and variation is controlled by at least four genes. Variation in the most anodal darkly staining region is encoded by Acol. Each allele is associated with a single band, and no intragenic or intergenic hybrid bands are formed. Lanes 1, 2, and 3 illustrate individuals with the genotypes Aco1-1/I, Acol-4/4, and Aco1-1/4, respectively. A faintly staining isozyme between ACOI-1 and ACO1-4 (arrow, lane 4) is associated with a locus tentatively designated Aco2. The slowest invariant isozyme in all lanes is controlled by Aco4. ACO2 and ACO4 are intensified in the mitochondrial/ glyoxysomal subcellular fraction, as shown in B (lane marked with the arrow). ACO1 appears to reside in the cytosolic (soluble) fraction. tation of ACO variation patterns is complicated by several factors, however, including the complexity of the zymogram, comigration of bands, and lack of sufficient staining intensity. Because of these complications, we have not been able to establish the number of encoding genes, although it is at least four. The most darkly staining band, which is usually the most anodal isozyme, is not found in chloroplast or mitochondrial subcellular fractions. This cytosolic form is designated ACO1 and the encoding locus is designated Acol. Three allelic variants at this locus have been validated by segregation data from several large families (Table I) , of which two, Acol-1 and Acol-4 (Fig. 1A) , are common in domestic germplasm (Table II) . In many materials there is a faintly staining band between ACO 1-1 and ACO 1-4. This band is intensified in the mitochondrial subcellular fraction (Fig. 1B) and, accordingly, is designated the mitochondrial isozyme ACO2 (encoding locus Aco2). Due to the aforementioned problems, Aco2 is difficult to score in most materials, but segregation data have been obtained that confirm its monomeric nature (data not presented). Crude extracts of coleoptiles contain two additional faintly staining isozymes (ACO3 and ACO4) that are intensified in mitochondrial preparations ( Fig. 1B) and are assigned the locus designations Aco3 and Aco4. Reliable segregation data have not been obtained for Aco3, but variants at Aco4 segregate according to Mendelian expectations (Table I) . Four Aco4 alleles have been detected to date, with the majority of publicly available inbreds possessing the allele (Table II) .
Although there are few genetic studies of plant aconitase isozymes, the available data concur with the interpretation that ACO is monomeric (Brown, 1982 (Brown, , 1983 Chenicek, 1984; Chenicek and Hart, 1987; Morden et al., 1988) . In wheat (Chenicek, 1984; Chenicek and Hart, 1987) and sorghum (Morden et al., 1987) , each genome contains two Aco loci, with products localized in the cytosolic and mitochondrial subcellular fractions. The relative mobilities of the major cytosolic and mitochondrial isozymes of maize parallel those of wheat and sorghum, in that the cytosolic form migrates faster than the mitochondrial form in all three grasses.
Adenylate Kinase
Adenylate kinase (ADK) isozymes have been studied in relatively few plant species. In maize, no ADK activity was apparent with any electrophoretic buffer system tested except for gels prepared with amine-citrate buffers. On these gels a single zone of staining was revealed, with individual plants displaying either one or two bands (Fig. 2) . Backcross and F2 segregation data are in accordance with the interpretation of a single locus governing a monomeric enzyme (Fig. 1, Table I ), to which the locus symbol Adkl is assigned. Adkl is a weakly polymorphic locus, with most publicly available Progeny classes listed in ascending numerical order of allelic designations, e.g., the genotypes of the three classes recovered in an F2 involving alleles "4" and "6" would be listed in the order "4/4," "4/6," "6/6." b Degrees of freedom are 1, 2, and 3 for 1:1, 1:2:1, and 1:1:1:1 ratios, respectively. c Pooled F2 data from 20 families; all 20 had nonsignificant departures from expected 1:2:1 segregation ratios. aMigration distances of allelic products are given in millimeters from the origin. Distances of SAD1 variants, which are double or triple banded, are for the most anodal band on aminecitrate gels. bSAD1-3 is a reverse-mobility variant: it migrates 2 mm anodal to SAD1-4 on Tris--citrate gels but 1 mm cathodal to SAD1-4 on amine-citrate gels.
inbreds and racial collections containing the allele Adkl-4. The only variant found to date, Adkl-5, occurs in a variety of Latin American accessions as well as the inbreds Mo25W, Tl15, Mt42, and T139 (Table II) . Studies of organellar preparations suggest that maize ADK is localized in the chloroplasts, a finding that is consistent with other reports (Edwards and Huber, 1981; Murakami and Strotmann, 1978) . 
N A D H Dehydrogenase
A heterogeneous assemblage of plant enzymes is capable of using reduced pyridine cofactors (NADH, NADPH) to reduce synthetic acceptor substrates, including those referred to as "diaphorase" or "menadione reductase." Several different staining protocols exist, varying with respect to substrate, buffer pH, and constituent molarities (e.g., Harris and Hopkinson, 1976; Vallejos, 1983) . The in vivo functions of the isozymes revealed by these assays are generally not known, and our present understanding of the homologies across taxa and specificities of the resolved proteins is limited. In maize, both the staining method detailed above and the commonly used protocol for "menadione reductase" (10 mg NADH, 10 mg nitroblue tetrazolium, 25 mg menadione in 50 ml 50 mM Tris-HC1, pH 7.0) reveal the same zones of activity, although banding is sharper and activity higher with the former stain. The isozyme symbol DIA and locus prefix Dia are retained here for nomenclatural consistency with earlier brief reports (Sisco et al., 1987; Wendel et al., 1985a Wendel et al., , b, 1986a . Four zones of activity are apparent on gels stained for DIA. Both the fastest-and the slowest-migrating bands are intensified in mitochondrial subcellular fractions. Penetrance is variable for the bands in these regions, and electrophoretic variants are not yet genetically interpretable. The two remain-ing sets of bands (designated DIAl and DIA2) are absent in both chloroplast and mitochondrial preparations and, consequently, are considered to be cytosolic isozymes. Of these, the most anodal is encoded by a single locus, Dial, governing a functionally monomeric enzyme. Phenotypes of individuals that are homozygous or heterozygous are one and two banded, respectively (Fig. 3A) . Progeny resulting from self-pollinating a heterozygous two-banded Dial-8~12 individual consist of plants that express either DIA 1-8, DIAl-12, or the F1 phenotype at ratios that are in accordance with Mendelian expectations (Fig. 3A, Table I ). Backcross and F2 segregation data substantiate the presence of three Dial alleles (Table I) . Dial-lO is an extremely rare variant, but both Dial-8 and Dial-12 are common in domestic germplasm (Table II ). An additional variant that is electrophoretically "null" occurs in the inbred lines NC7, PA353P, T61, MP307, and T220A.
The single case of skewed segregation observed at Dial was in an F 2 of the inbreds CM37 and T232 (X 2 = 6.36; p < 0.05). In this unusual progeny, 12 of the 18 marker loci scored exhibited distorted segregation, the details of which have been previously discussed .
Expression in the remaining zone of DIA activity is under the genetic control of a locus designated Dia2. Intercrossing individuals that are truebreeding for variant forms results in hybrids that possess both parental allozymes as well as a band of intermediate mobility, suggesting that DIA2 enzymes are functionally dimeric. Genetic segregation data from numerous large progenies support this interpretation (Table I) . Five Dia2 alleles have been detected, of which four are relatively rare (Table II) . The most common allele in both domestic and exotic germplasm is Dia2-4. The inbred line Tx601 possesses Dia2-6.
Shikimate Dehydrogenase
A single zone of activity is evident on gels stained for shikimate dehydrogenase (SAD). Inbred lines display two primary bands, with a very faint, more slowly migrating, third band occasionally present. Crosses among truebreeding individuals bearing different two-banded phenotypes resulted in hybrids that expressed all parental bands but no novel heteromeric bands. Overlap of closely spaced electromorphs often reduced the band number in hybrids to three or even two more broadly staining bands. Self-pollination of FI plants produced three classes of progeny, the two parental double-banded phenotypes and the hybrid phenotype. These observations suggest that a single locus governs SAD expression in maize and that each allele is associated with two bands that cosegregate and are functional as monomers. This interpretation would have precedent, in that cosegregating double-banded allozymes of SAD are reported in several other plant taxa (Harry, 1986; Jarret and Litz, 1986; Tanksley, 1984; Weeden, 1984) . Single-banded allo- (Dia2-4/4) , which encodes the dark allozyme immediately below DIAl-12. Additional faintly staining isozymes of unknown genetic origin are apparent in two zones; one anodal to DIAl-8 and the other cathodal to DIA2. (B) Dia2 encodes polypeptides that associate into dimers. Products of three alleles are illustrated: Dia2-6 (first arrow from left), Dia2-2 (second arrow; homodimer migrates just below DIAl-12), and Dia2-4 (third arrow). Three-banded heterozygous plants (Dia2-2/4) are apparent in the central lanes of the gel. zymes of SAD have also been reported in a wide variety of plants (e.g., Gastony and Gottlieb, 1985; Koebner and Shepherd, 1982; Millar, 1985) . Segregation analyses of numerous progenies (Table I, Fig. 4 ) support the interpretation that maize SAD follows a single-locus double-banded allele model; accordingly, the encoding locus is designated Sadl.
SAD 1 can be resolved on both Tris-citrate and amine-citrate gels. The latter buffer system is generally preferred, as staining intensity is higher and the bands are sharper. Discrimination of all variants detected, however, requires the use of both gel systems; Sadl-3 encodes products that are difficult to distinguish from SAD1-4.5 on amine-citrate gels but migrate 3mm anodal to SAD1-4.5 on Tris-citrate gels. Because Sadl-3 is a rare allele, and because other variants are equally well distinguished using either buffer system, we often use only amine-citrate gels. Scoring of the two alleles frequently observed in domestic germplasm requires carefully controlled conditions, as their migration differential is relatively small (Table II, Fig. 4 ).
There are conflicting reports regarding the subcellular localization of shikimate dehydrogenase in higher plants. The primary isozyme in several species has been localized to the chloroplast (Feierabend and Brassel, 1977; Weeden and Gottlieb, 1980; Weeden and Robinson, 1986) , but activity associated with the supernatant fraction (cytosol) has also been reported (Balinsky and Davies, 1962; Jensen, 1985; Rothe, 1974) . Jensen (1985) has suggested that duplicate cytosol-chloroplast pathways may exist for aromatic amino acid biosynthesis, each with its own complement of spatially separated enzymes. Our results are equivocal in this regard; electrophoresis of purified chloroplast extracts from individuals carrying either SAD1-4 or SAD1-4.5 yielded a single very faint band that migrated approximately 3 mm slower than SAD1-4.5. This band is not observed in crude coleoptilar extracts. These data suggest two possibilities: (1) that SAD 1 is a cytosolic isozyme and that an additional isozyme localized to the chloroplast exists at a concentration too low to observe in crude extracts; and (2) that the faint band observed in chloroplast extracts is an artifact or a modified form of the cytosolic isozyme SAD1. At the minimum, the present data suggest that the majority of shikimate dehydrogenase activity in maize is associated with the cytosolic (soluble) fraction.
Linkage Analysis
Chromosomal locations of the loci presented here were determined by studying joint segregation with previously mapped allozyme loci (Goodman et al., 1980b; Goodman and Stuber, 1983b; Wendel et al., 1985b Wendel et al., , 1986a and by crosses with appropriate morphological markers and B-A translocation stocks. In most cases, several progenies were generated for each locus in order to provide independent tests of linkage and several estimates of recombination percentages. B-A translocations involve an interchange between supernumerary B chromosomes and members of the normal chromosome complement. Their usefulness in locating genes to chromosome arm has been discussed by Beckett (1978 Beckett ( , 1988 . Their most salient feature is that when used as male, mitotic nondisjunction in the developing pollen results in gametes that fail to transmit the portion of the chromosome arm distal to the translocation breakpoint, which results in zygotes that are hypoploid for this part of the genome. Thus, hypoploids will express only the allele from the female parent. Selection of female tester lines that possess allozyme alleles not found in the B-A translocation stocks allows allozyme loci to be mapped to the chromosome arm in a single generation, by screening for progeny that express only the tester allele. In all cases, self-pollination was eliminated as the explanation for expression of only the tester allele by confirming heterozygosity at other allozyme loci that differentiated the parents.
Evidence has been obtained regarding the chromosomal locations of all polymorphic allozyme loci presented here except Aco4. In addition, the previously described but unmapped marker Acp4 (acid phosphatase; Kahler, 1983) was localized during these investigations. The remaining loci have been mapped to chromosomes 1, 2, 4, 6, and 10.
Chromosome 1
Previous work has demonstrated the presence of seven allozyme loci on the long arm of chromosome 1: Ampl, Mdh4, mmm, Pgml, Adhl, Phil, and Gdhl (Goodman et al., 1980b; Ott and Scandalios, 1978) . Preliminary data from several small F2 and test-cross families suggested that both Dia2 and Acp4 (Kahler, 1983 ) also reside on 1L. Their placement on 1L was confirmed by the four-and three-point test-cross data in Table III . The numbers of single-crossover (SCO) and double-crossover (DCO) recombinants established the gene order Acp4-Dia2-Phil-Adhl (Fig. 5) . Recombination percentages were 12.6% for the segment Acp4-Dia2 and 14.6% (averaged across families) for the segment Dia2-Phil. The average value of 14.0% recombination observed between Phil and Adhl is in close agreement with previous estimates for these two markers (Goodman et al., 1980b) .
Chromosome 2
Dial was initially localized to chromosome 2 by analysis of a single large (N = 1840) F2 family from the inbred lines CM37 b) . This family was synthesized for other reasons Stuber et al., 1987) but fortuitously segregated for the color factor B1 (chromosome position 2-49). Plants carrying the dominant allele have anthocyanin pigmentation in various plant parts, while bb homozygotes do not Testcross B Single crossovers a [scoring in this population was the presence (B-) or absence (bb) of coloration in the basal pulvinus of the tassel glumes]. Joint segregation data for B1 and Dial are presented in Table IV . These data clearly indicate linkage with 22.2% recombination. In order to determine whether Dial is located proximally or distally to B1, an additional F 2 was constructed between a Dial-12 inbred line and a Dial-8 line carrying the recessive markers glossy (gl2, 2-30) and liguleless (lgl, 2-11). In this family (N= 128), Dial segregated independently of lgl and had 28.2% recombination with gl2 (Table IV, Fig. 5 ). Recombination between the two morphological markers (19.2%) was in close agreement with published values. These data suggest that Dial lies proximal to B1, perhaps in the vicinity of the centromere.
Acp4
Dia2
Chromosome 4
Initial information on the map location of Aeol came from analyses of F1 progenies between Aeol tester lines (Acol-1) and various B-A translocation stocks (all studied have Acol-4). The majority of chromosome arms was shown: bm2, brown midrib; lgl, liguletess; gl2, glossy; B1, colored plant; sul, sugary; rgdl, ragged seedling. The ordering of bm2 and Dia2 (on chromosome 1) and Acol and sul (on chromosome 4) is uncertain, as is the placement of the chromosome 6 markers rgdl and Pgdl relative to the centromere.
tested, and hypoploid Fl's were recovered only using the B-A translocation stock TB-4Sa. Of the 27 individuals examined in two small families, 8 were hypoploid, i.e., expressed only the tester allele. Confirmation that Acol is located on chromosome 4 came from analyses of two F 2 families segregating at Acol and sugary (sul), which is located near the centromere of chromosome 4 (Fig. 5) . Only the sugary-kernelled segregates (su/su) were scored for Acol. Of 452 gametes tested, 28 were recombinant types, indicating approximately 6.2% recombination between Acol and sul (data were pooled, as recombination estimates were homogeneous for the two families).
Chromosome 6 Five allozyme loci have been shown to reside on chromosome 6, i.e., Pgdl, Enpl, Hex2, Idh2, and Mdh2 (Goodman et al., 1980a, b of these loci and Adkl are presented in Table V . These data establish linkage between the above loci and Adkl and, in conjunction with data indicating that TB-6Lc uncovers Enpl but not Pgdl (Wendel et al., 1986b) , suggest that the correct gene order is Adkl-Pgdl-Enpl. Recombination percentages for the segments Adkl-Pgdl and Pgdl-Enpl were calculated to be 14.4 and 4.0%, respectively. These data also suggest that Adkl is located on 6S, which is one of the most poorly mapped chromosome arms in the genome. Table V also presents segregation data for an F2 involving these same three allozyme loci and the morphological marker rgdl (ragged seedling; position 6-8). Calculated recombination percentages for the two segments Adkl-Pgdl and Pgdl-Enpl were nearly identical to the test-cross results, being 14.1 and 3.7%, respectively. Moreover, the data indicate that rgdl is approximately the same distance from Adkl (8.1% recombination) as it is from Pgdl (7.6% recombination). Adkl, therefore, must lie approximately 8 centimorgans (cM) distal to rgdl (Fig. 5) . Final confirmation that Adkl is on 6S was gained from a cross of the B-A translocation stock TB-6Sa (as male) onto the inbred line Mt42, which carries the rare variant Adkl-5. Seven hypoploids (those that display only the tester allele) were recovered from the 51 seedlings analyzed. These same seven plants were heterozygous for numerous other isozyme markers, ruling out the possibility that they resulted from contaminating self-pollinations.
Chromosome 10 Sadl was mapped to chromosome 10 by analyzing joint Fz segregation with the allozyme marker Glul (Pryor, 1978; Stuber et al., 1977) . The data in Single crossovers a rgd, +, Dial, Dia2, Sadl) and an additional but previously unmapped locus (Acp4). Several of these loci map to regions of the genome that are poorly marked or expand the genetic length of particular chromosome segments (Fig. 5 ). Acp4 and Dia2 were both mapped to the long arm of chromosome 1, increasing the number of allozyme markers on this arm to nine (Fig. 5 ). Test-cross data (Table III) indicate that Acp4 and Dia2 are both distal to Phil, previously the most distal allozyme marker on 1L. Map distances for the segments Dia2-Phil and Acp4-Dia2 were calculated as 14.6 and 12.6 cM, respectively, suggesting that Acp4 and perhaps Dia2 are distal to bm2 (brown midrib), previously the most distal marker on 1L. An additional test cross involving the loci Phil, Acp4, bm2, and gs (green stripe) confirms the recombination estimate of 27.2% reported here for the segment Acp4-Phil and demonstrates that Acp4 is indeed distal to bin2, by approximately 15.5 cM (Sisco et al., 1987) . Accordingly, Dia2 and bm2 must be closely linked, but the gene order for these two loci cannot be ascertained from these data.
Pgdl-Enpl
The data in Table IV establish Dial as the first allozyme marker for chromosome 2 and indicate that it probably lies on the short arm in the vicinity of the centromere (Fig. 5) . The recombination estimate of 22.2% with B1 (2-49) was from a large F 2 family (N = 1840) and is associated with a very small standard error (1.1%). Higher values of recombination (Table IV) were obtained in smaller F2 progenies with the markers g12 (2-30) and lgl (2-11), indicating that Dial is proximal to B1, probably nearfl 1 (floury endosperm; 2-68) or tsl (tassel seed; 2-74).
Acol was mapped to chromosome 4 by use of the translocation stock TB-4Sa and by observing approximately 6.2% recombination with sul (sugary; 4-66). These data suggest a map location of either 4-60 or 4-72 for Acol (Fig. 5) . Test crosses involving Acol, sul, and additional linked markers are required to clarify correct gene order.
Our present understanding of the linkage relationships among allozyme markers on chromosome 6 is summarized in Fig. 5 . Test-cross and F 2 data (Table V) and crosses with TB-6Sa clearly place Adkl on the poorly marked short arm. Because neither rgdl nor Pgdl is uncovered by TB-6Sa or TB-6Lc (Enpl is uncovered by TB-6Lc, however ; Wendel et al., 1986b) , their ordering relative to the centromere is still uncertain.
Less than 1% recombination was observed between Sadl and Glul (Table VI) , demonstrating tight linkage of these two markers on chromosome 10. Glul is approximately 12 map units from Gdh2 and 6 map units from Cxl (Pryor, 1978) . The order of these markers on chromosome 10 remains to be elucidated.
Unlike many maize isozyme systems, the bulk of those reported here shows no evidence of gene duplication. Previous linkage work among maize allozyme loci has demonstrated parallel linkage groups among several sets of duplicated genes (Goodman et al., 1980b; Wendel et al., 1986b) . This observation has been interpreted to support the hypothesis, first articulated by Rhoades (1951) , that the genome of maize has an evolutionary history that includes extensive chromosome segment duplication or polyploidy. Recent work using restriction fragment length polymorphisms (RFLPs) has provided con siderable support for this interpretation (Helentj aris et al., 1986 (Helentj aris et al., , 1988 . It is of interest to compare the map positions reported here with the extensive RFLP maps of Helentjaris et al. (1988) , paying particular attention to the extent of fragment duplication in regions of the genome marked by allozyme markers. Only a single isozyme was observed for both SAD and ADK, encoded by loci on chromosomes 6 and 10, respectively. Helentjaris et al. (1988) reported fragment duplication for all chromosomes, although few were located in the regions of chromosomes 6 and 10 marked by Adkl and Sadl. Similarly, numerous duplicated cloned fragments were reported for chromosomes 2 and 7, but no fragments that mapped to the region of chromosome 2 marked by Dial were duplicated on chromosome 7. Dia2 and Acp4, which were localized to the distal portion of 1 L, also are isozyme loci that apparently exist in single copies. Stain assays for DIA and ACP are nonspecific and are likely to result in the visualization of heterogeneous, nonhomologous products. Dia2 and Acpl (on 9) each encode polypeptides that associate into dimers, whereas Dial and Acp4 products are functional as monomers. There is thus no evidence that these locus pairs represent duplication events. Moreover, the RFLP data of Helentjaris et al. (1988) are congruent with the suggestion that the distal portion of 1L is not duplicated. ACO is the only isozyme system reported here that may possess duplicated encoding loci, although our data at present are insufficient to justify this interpretation. The only locus mapped to date, Acol, lies in a region of chromosome 4 that possesses a low percentage of duplicated cloned fragments, however. Additional studies are required to explore the possibility that pairs of duplicate genes encode the poorly understood and weakly staining organellar forms of ACO. In summary, it appears that the RFLP and isozyme data are concordant; duplicate pairs of isozyme loci map to chromosome segments bearing extensive fragment duplication (Helentjaris et al., 1988) , while single-copy isozyme loci apparently do not.
The evidence presented here establishes 10 new isozyme loci for maize, of which 6 are polymorphic and genetically well understood. Among these six loci, Dial and Acol are likely to be the most readily useful as genetic markers, owing to their relatively high levels of polymorphism in commercially important maize germplasm and the ease of electrophoretic discrimination among the common alleles (Sadl is more polymorphic, but the two common alleles are difficult to distinguish). Sources of variants have been identified for all of the loci and are presented in Table II . Wherever possible, publicly available inbreds have been listed, in order to facilitate marker selection. In addition, multiple-point marker stocks are presently being synthesized for each maize chromosome that bears more than a single isozyme locus. These stocks will be homozygous for rare and electrophoretically extreme variants at every locus and will be made available to the scientific community through the Maize Genetics Cooperation Stock Center.
